BRAF V600E mutation occurs in approximately 45% of papillary thyroid cancer (PTC) cases, and 25% of anaplastic thyroid cancer (ATC) cases. Vemurafenib/PLX4032, a selective BRAF inhibitor, suppresses extracellular signalregulated kinase kinase/extracellular signal-regulated kinase 1/2 (MEK/ERK1/2) signaling and shows beneficial effects in patients with metastatic melanoma harboring the BRAFV600E mutation. However, the response to vemurafenib is limited in BRAF-mutant thyroid cancer. The present study evaluated the effect of vemurafenib in combination with the selective MEK1/2 inhibitor AZD6244 on cell survival and explored the mechanism underlying the combined effect of vemurafenib and AZD6244 on thyroid cancer cells harboring BRAFV600E.
Background

BRAF
V600E mutation occurs in approximately 60% of papillary thyroid cancer (PTC) cases, 60%-70% of melanoma cases, and 25% of anaplastic thyroid cancer (ATC) cases [1] [2] [3] . BRAF is a key component of the RAS/RAF/MEK/MAPK/ERK signaling pathway (MAPK pathway) that transmits mitogenic signals from the cell membrane to the nucleus and promotes cell division and proliferation [4] . In vitro and in vivo, treatment of mutant BRAF PTC cell lines harboring the BRAFV600E mutation with a selective BRAF kinase inhibitor dephosphorylates MAP kinase extracellular signal-regulated kinase (MEK)/extracellular signal-regulated kinase 1/2 (ERK1/2), resulting in cell cycle arrest and tumor xenograft growth suppression [5, 6] . Thus, BRAF has become a new target for thyroid cancer gene therapy.
The selective BRAF V600E inhibitor vemurafenib has shown promising results in clinical trials [7, 8] . In a recent report, a 51-yearold man with BRAF-mutated ATC responded well to vemurafenib, showing almost complete clearing of metastatic disease after 38 days of treatment [9] . Another case of an 80-year-old female patient with a BRAFV600E mutation-bearing ATC showed an excellent and sustained response to single-agent vemurafenib, which can induce rapid tumor regression and a sustained response in select instances, and the response was sustained for 61 weeks [10] . Patients treated with the BRAF inhibitor vemurafenib showed moderate activity, and the adverse effects and resistance to single-agent BRAF V600E inhibitors often lead to termination of the targeted therapy [7, 10] . Therefore, overcoming the acquired resistance to BRAF V600E mutation inhibitors and understanding the underlying mechanisms is critical for improving patient outcomes.
Feedback-induced ligand-dependent activation of HER2/HER3/ ERK signaling was proposed as the cause of the reduced sensitivity of thyroid cancer cell lines to vemurafenib [11] . In a recent study, vemurafenib treatment promoted ERK signaling [12] , whereas in another study it resulted in the transient inhibition of ERK1/2 in BCPAP cells; however, ERK1/2 was gradually activated 4 h after treatment [13] . The recovery from the inhibition of ERK1/2 activation may be related to resistance to vemurafenib treatment in BCPAP cells. Therefore, to prevent resistance to BRAF V600E inhibitors, combined treatment with BRAF V600E inhibitors and ERK inhibitors may be an effective clinical approach.
AZD6244 (ARRY-142886), a highly selective MEK1/2 inhibitor, has significant preclinical activity in BRAF-mutant thyroid and other tumor cell lines [14, 15] . AZD6244 inhibits MEK1/2 signaling, leading to the inhibition of cell proliferation and cell cycle progression, resulting in tumor growth suppression [16] .
In the present study, we examined the effects of combination treatment with the MEK1/2 inhibitor AZD6244 and the BRAF V600E inhibitor vemurafenib on thyroid cancer cell lines in vitro and in vivo. The potential mechanism underlying the effects of AZD6244 or/and vemurafenib was investigated.
Material and Methods
Ethics statement
The study was conducted in accordance with the ethics standards and the Declaration of Helsinki and according to the national and international guidelines. The study was approved by the Affiliated Hospital of Qingdao University, Qingdao, China.
Cell lines and culture
Thyroid cancer 8505C and BCPAP cells harboring the BRAFV600E mutation were obtained from the German Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany). Cells were maintained in RPMI1640 medium and sodium bicarbonate (2.0 g/L) and cultured in a 5% CO 2 humidified incubator at 37°C. Cells were expanded to 70-80% confluence and then used for the experiments described below. All cell lines matched their respective STR profiles shown in previously published studies [17, 18] and/or in the DSMZ and European Collection for Cell Cultures databases at all loci tested in common [19] .
Antibodies and reagents
The following antibodies were used: phospho-ERK 1/2 (T202/ Y204) (Cell Signaling Technology, Cat # 4377); total ERK1/2 (Santa Cruz, Dallas, TX, Cat # sc-94); Ki67 (Santa Cruz sc-7846); cyclin D1, p27, and b-actin from Cell Signaling. The BRAF V600E inhibitor vemurafenib and the MEK1/2 inhibitor AZD6244 were from Selleck Chemicals (Shanghai, China); vemurafenib and AZD6244 were dissolved in dimethylsulfoxide (DMSO) (Fisher Scientific, Hangzhou, China) to generate a 10-mm stock. DMSO alone was used as the vehicle control at a concentration of 0.0005% (unless otherwise noted, all percentages represent volume-to-volume ratio), which is the highest concentration of DMSO in studies using vemurafenib and AZD6244.
Western blot analysis
Cell lysis and protein sample preparation were performed as previously described [20] . Western blotting was performed as described previously [21] to determine the specific protein levels in vemurafenib or/and AZD6244 treated cell lines using the following antibodies: phospho-ERK1/2(T202/Y204), Ki67, cyclin D1, P27, total ERK1/2, and cleaved caspase-3, and b-actin was 3003 used as an internal control. The enhanced chemiluminescence system (Amersham Life Sciences) was used for protein detection.
Cell viability assay
Cell viability was assessed using the 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide (MTT) assay following the manufacturer's instructions. Briefly, 8505C and BCPAP cells (4×10 4 cells/well) were seeded in 96-well cell culture plates and grown overnight. The cells were then exposed to increasing concentrations of vemurafenib (0.01, 0.1, and 1 μM) or AZD6244 (0.01, 0.1, and 1 μM) alone or in combination. Cells were grown for 5 days and then treated with 200 µL of 0.6 mg/mL MTT for 4 h. The medium containing MTT was quickly removed, and the crystallized precipitate was solubilized by adding 200 µL of 0.04 N HCl in isopropanol to each microplate well. Absorbance was read at 570 nm. Data represent the mean of at least 3 independent experiments ±SEM.
Cell cycle and apoptosis assay
Cells were treated with increasing concentrations of vemurafenib (0.01, 0.1, and 1 μM) or AZD6244 (0.01, 0.1, and 1 μM) alone or in combination and grown for 72 h. Cells were then washed with ice-cold PBS, fixed with 70% ethanol for 1 h at -20°C, stained with Annexin-V-FITC antibody and PI for 15 min, and then analyzed by flow cytometry within 1 h, as described previously [22] . The number of cells in each phase of the cell cycle was determined using CellQuest™ Pro software (BD Biosciences) following the manufacturer's instructions.
Xenograft experiments
All animal work was done at the Affiliated Hospital of Qingdao University (Qingdao, China) in accordance with federal, local, and institutional guidelines. Mice were kept in isolated ventilated cages and fed ad libitum in a 12/12 h cycle of light and dark. Six-week-old SCID female mice (Animal Research Center, Shanghai, China) were used to generate the xenograft tumor models. Briefly, 8505C or BCPAP cells in 50 μL of a (2: 1) PBS/ Matrigel (BD Biosciences) solution were injected subcutaneously (1 million per injection) into nude mice. When xenograft tumors reached an average volume of 100-200 mm 3 , mice were randomized into the following 4 groups and treated as described previously [23] : control group (vehicle only), vemurafenib group, AZD6244 group, and combination group. AZD6244 was dissolved in a mixture of 0.1% polysorbate 80 (Tween-80; Sigma-Aldrich) and administered at a dose of 25 mg/kg per day. Vemurafenib was dissolved in 5% DMSO and 1% methylcellulose and dosed at 75 mg/kg twice daily. Drugs were administered 5 days per week for 3 continuous weeks by oral gavage in a volume of approximately 100 μL using a sterile animal-feeding needle. Tumor size measurements and monitoring for signs of toxicity based on body weight loss were performed at least twice a week. Tumor volume was calculated using the formula V (π/6)×length×width×height. Three hours after the last treatment, animals were sacrificed, and tumors were removed and embedded in paraffin blocks. Standard hematoxylin and eosin (H&E) staining of paraffin-embedded tissue was performed for histological examination and analyzed by immunohistochemistry.
Immunohistochemical analysis
Fresh tumors in each group were resected 3 h after the last treatment, fixed in formalin, embedded, cut, and mounted. H&E-stained sections were evaluated by a pathologist in a blinded manner and processed for immunohistochemistry (IHC) according to standard method. IHC was performed using Ki-67, cleaved caspase-3, and pERK1 antibodies. Annexin-V and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed. Positive cells with TUNEL staining were quantified from an average of 3 representative high-power fields (200 ×) under a light microscope. Stained and IHC tissue sections were visualized using a Nikon light microscope. Microscopic images were captured and processed using an AxioCam digital microscope camera and AxioVision Image processing software (Olympus Corp., Lake Success, NY, USA).
TUNEL assay
Tumors were fixed in Tissue-Tek OCT (Sakura, Torrance, CA, USA) and 5-µm-thick sections were collected from tumors and mounted onto microscope slides. The TUNEL assay was performed with the In-Situ Cell Death Detection kit, Fluorescein (Roche Applied Science, Beijing, China) according to the manufacturer's directions and visualized with a fluorescence microscope (Axioplan, Carl Zeiss Microscopy) with a 20× objective and analyzed using ImageJ software (US National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
Statistical analysis was performed using SPSS software, version 22.0. The results are expressed as the mean ± standard deviation. For in vitro experiments and animal studies, the t test or one-way ANOVA was used to calculate p values. A p value £0.05 was considered statistically significant.
Results
Combination treatment with AZD6244 and vemurafenib synergistically inhibits thyroid cancer cell proliferation 
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on inhibiting the proliferation of 8505C and BCPAP cells, which harbor the BRAFV600E mutation ( Figure 1A, 1B) . The IC 50 values calculated from the survival curves were >5 μM for 8505C cells and 5.3 μM for BCPAP cells, whereas the IC 50 values for combination treatment were 0.18 μM and 0.26 μM, respectively. In the present study, doses of 0.01, 0.1, and 1 μM were used for subsequent experiments.
Effects of AZD6244 and vemurafenib on cell apoptosis and cell cycle progression in thyroid cancer cells To understand the mechanism by which vemurafenib and AZD6244 alone or in combination inhibited cell proliferation and caused cell death, we investigated the effect of the 2 drugs on cell cycle progression and apoptosis in 8505C and BCPAP cells.
The results of PI and Annexin-V staining demonstrated that vemurafenib alone (0.01, 0.1, and 1 μM) slightly induced apoptosis, whereas AZD6244 (0.01, 0.1, and 1 μM) alone dosedependently induced apoptosis in 8505C and BCPAP cells (Figure 2A, 2B ). Combined treatment also induced apoptosis in 8505C and BCPAP cells in a dose-dependent manner (Figure 2A, 2B) . Western blot analysis confirmed that AZD6244 upregulated cleaved caspase-3 expression in both 8505C and BCPAP cells, which was consistent with the cell apoptosis results ( Figure 3A) . Vemurafenib treatment alone did not induce a significant change in cleaved caspase-3 expression in the 2 cell lines (data not shown).
Cell cycle analysis revealed that vemurafenib alone (0.01, 0.1, and 1 μM) induced a significant increase in the G1 phase population along with decreased cell populations in S and G2/M phases ( Figure 2C, 2D) . Consistent with the G1 arrest, we observed reduced levels of the corresponding cell cycle markers cyclin D1 and increased levels of cell cycle marker p27, which were dose-dependent ( Figure 3B ). These results indicate that vemurafenib inhibited cell growth by causing cell cycle arrest and not by cell apoptosis.
AZD6244 (0.01, 0.1, and 1 μM) alone did not affect the number of 8505C and BCPAP cells in S phase or in G2/M phase (data not shown), indicating that AZD6244 inhibited cell growth by inducing cell apoptosis and not cell cycle arrest. AZD6244 alone had no inhibitory effect on cyclin D1 and p27 levels ( Figure 3A ). The combination of the 2 drugs dose-dependently decreased the percentage of cells in S and G2/M phases, as shown by flow cytometry ( Figure 2E, 2F ) and depleted the cell cycle marker cyclin D1, whereas it upregulated p27 (data not shown).
Effects of AZD6244 and vemurafenib on ERK signaling in thyroid cancer cells
As shown in Figure 3A , in both 8505C and BCPAP cells, treatment with AZD6244 at 0.01, 0.1, and 1 μM for 48 h caused and maintained complete inhibition of phosphorylated (p)-ERK. Treatment of BCPAP cells with vemurafenib at 0.01, 0.1, and 1 μM completely inhibited p-ERK at 6 h ( Figure 3B ), followed by a gradual increase in p-ERK levels starting at 12 h and reaching the highest level at 48 h ( Figure 3C ). Combination treatment with vemurafenib and AZD6244 effectively inhibited vemurafenib-induced p-ERK expression in BCPAP cells ( Figure 3D ). Treatment of 8505C cells with AZD6244 or/and vemurafenib showed the same results as in BCPAP cells (data not shown). Figure 4A ). Therefore, combination-treated animals exhibited an enhanced tumor response ( Figure 4A ). To further assess the effect of vemurafenib or AZD6244 on proliferation and apoptosis in xenograft tumors, Ki-67 and TUNEL immunohistochemistry were performed. Combination-treated tumors showed a significant decrease in the proliferation index and a significant increase in numbers of TUNEL-positive cells ( Figure 4B, 4C ). In addition, combination treatment resulted in a marked reduction of nuclear reactivity for p-ERK staining ( Figure 4D ).
Discussion
Vemurafenib, a potent inhibitor of BRAF
V600E
, has shown promising results in the treatment of thyroid cancer harboring the BRAFV600E mutation. However, the rapid development of acquired resistance presents a significant therapeutic challenge to cancer patients receiving the drug as a single agent, as preventing drug resistance and disease progression in the long term is difficult because of the existing feedback mechanisms [24] [25] [26] . For example, although vemurafenib showed transient growth inhibition in thyroid cancer cells by targeting the MEK1/2-ERK1/2 signaling pathway, cells rapidly developed resistance through activation of the ErbB/HER pathway [24] . However, combination treatment with MAP-ERK kinase inhibitors and HER kinase inhibitor sensitizes BRAF-mutant thyroid cancer cells [24] .
In the present study, 8505C and BCPAP cells harboring the BRAFV600E mutation showed low sensitivity to vemurafenib, although BCPAP cells responded better than 8505C cells. The 2 cell lines were resistant to vemurafenib treatment. Vemurafenib alone decreased cell proliferation, whereas it did not increase cell apoptosis in both cell lines. Importantly, untreated cells showed a significant increase in the population in G2-M phase. Treatment with vemurafenib decreased the number of cells in G2-M phase in a dose-dependent manner, indicating that vemurafenib decreases cell proliferation by inducing cell cycle arrest and not by apoptosis.
BRAF activates MEK, which in turn phosphorylates and activates ERK1/2. Inhibition of V600E-mutated BRAF by vemurafenib may lead to decreased activity of MEK/ERK, resulting in cell cycle progression arrest and tumor xenograft growth inhibition [5, 6] . In the present study, p-ERK levels were significantly reduced at 2-4 h after vemurafenib treatment, followed by a gradual increase in p-ERK, which reached the highest level at 48 h in both cell lines. This recovery from the inhibition of ERK activation may be related to resistance to vemurafenib. The present results suggest that further suppression of the second MEK/ERK activation may be a strategy for the treatment of acquired resistance to vemurafenib.
AZD6244 is a potent MEK1/2/ERK1/2 inhibitor that showed good patient tolerance in clinical trials, although its effect as a single drug is limited in several cancers [27] . In the present study, combination treatment with AZD6244 and vemurafenib impaired the survival signaling pathway related to ERK phosphorylation. Vemurafenib or AZD6244 only partially inhibited cyclin D1, whereas the combination of vemurafenib and AZD6244 completely inhibited cyclin D1 expression. These results demonstrate that the effects of the combination of vemurafenib and AZD6244 on inhibiting cell growth and inducing apoptosis were mediated mainly by G 1 and G 2 /M cell-cycle arrest with corresponding changes in the expression of the cell cycle regulators p27
Kip1 and cyclin D1.
The combination of vemurafenib with MEK or ERK inhibitors shows clinical efficacy [28, 29] . Here, we examined the effect of combination treatment with vemurafenib and AZD6244 on the tumorigenicity of BRAF mutation-harboring thyroid cancer 8505C cells in nude mice and explored the underlying mechanisms. Combined vemurafenib and AZD6244 treatment showed antitumor efficacy in a xenograft model in vivo. Further immunohistochemistry analyses on tissue sections confirmed the strong inhibition of tumor proliferation, a synergistic increase in TUNEL-positive cells, and decreased activation of p-ERK.
Conclusions
In conclusion, vemurafenib activated ERK1/2 signaling, leading thyroid cancer cells to become resistant to vemurafenib treatment. Combination treatment with AZD6244 and vemurafenib completely inhibited ERK1/2 signaling, which is an effective strategy for the synergistic inhibition of thyroid cancer cells harboring the BRAFV600E mutation. This therapeutic combination of vemurafenib and AZD6244 may be beneficial in patients with thyroid cancer harboring the BRAFV600E mutation.
